Human immunodeficiency virus type 1 (HIV-1) and other lentiviruses efficiently establish in nondividing as well as dividing cells a proviral state in which a double-stranded DNA copy of the viral genomic RNA (viral cDNA) is stably integrated into a chromosome of the host cell (5, 41, 64) . This property distinguishes lentiviruses from certain other retroviruses that require mitosis with nuclear envelope breakdown prior to viral cDNA integration (42, 56) .
The proviral state is established through several steps following binding to and entry into the target cell, including uncoating, reverse transcription, nuclear transport, and integration of the viral genome. These early events are mediated through the interactions of several viral proteins and host factors with the viral genome, often referred to as the reverse transcription complex and the preintegration complex (PIC) (reviewed in references 3, 13, and 29). The average diameter of HIV-1 PIC has been estimated to be ϳ56 nm (50) , precluding its passive nuclear import through intact nuclear pore complexes on the nuclear envelope of host cells (reviewed in ref- erence 13) .
To facilitate the efficient nuclear import of HIV-1 cDNA, HIV-1 PIC may contain karyophiles with nuclear localization signal (NLS) sequences. Among the HIV-1 PIC constituents, matrix (MA) protein, viral protein R (Vpr), and integrase (IN) have been reported to have karyophilic properties (4, 14, 24, 26, 27, 32, 37, 54) . However, several contradictory results have also been reported, arguing against this putative role for NLS sequences within the MA protein (25, 55) or Vpr (2) in the nuclear transport of viral cDNA. In addition, the cis-acting viral cDNA structure, the central DNA flap, generated during lentivirus-specific reverse transcription, has also been reported to play an important role in the nuclear import of the HIV-1 genome (68) . However, recent studies have shown that the effect of the central DNA flap appears to be virus strain and host cell dependent (17, 44) . Thus, key factors that facilitate the nuclear import of viral cDNA in the context of the viral replication cycle still remain to be determined.
Among the HIV-1 PIC constituents described above, IN is a logical and highly probable candidate for facilitating the efficient nuclear import of HIV-1 cDNA, since it has karyophilic properties (2, 14, 26, 43, 54, 60) and mediates the integration of viral cDNA into the host chromosome in nuclei. Previously, atypical bipartite NLS sequences within HIV-1 IN were reported to be recognized by the importin/karyopherin pathway (26) . However, several studies showed that these NLS sequences did not mediate nuclear import but were instead required for reverse transcription of the viral genome or other steps in the viral replication cycle (53, 60) . Recently, the Val and Arg residues at positions 165 and 166 (V165/R166) in HIV-1 IN were shown to be critical for its NLS function in mediating the nuclear import of viral cDNA (2) . However, reassessments of V165/R166 functions have failed to confirm this conclusion (17, 43) . Thus, despite many experimental at-tempts, the contribution of HIV-1 IN to the nuclear import of viral cDNA remains controversial, partly due to a lack of identification of bona fide NLS sequences within IN. More recently, it was reported that the nuclear import of HIV-1 cDNA was mediated through the interaction of IN and importin 7, one of the host import factors for the nuclear import of ribosomal proteins and histone H1 (23) . In addition, human lens epithelium-derived growth factor/transcription coactivator p75 (LEDGF/p75) was identified as an essential cellular factor for the chromosomal targeting of HIV-1 IN (47) .
On the other hand, a detailed mechanism of retroviral integration was elucidated from in vitro studies with recombinant IN protein (reviewed in references 35 and 38) . For the integration of viral cDNA, IN reacts with the attachment (att) site located at the U3 and U5 termini of the viral cDNA (12, 39, 48, 58, 61, 62) . These studies of HIV-1 IN identified three functional domains: an N-terminal zinc binding domain (6) (7) (8) , a central catalytic core domain (7, 11, 18, 57, 63) , and a Cterminal nonspecific DNA binding domain (11, 19, 46) . The central core domain contains the highly conserved D,D35E motif, which is directly involved in the catalytic activities of IN (7, 20, 30, 57) . Tsurutani et al. previously reported that a single amino acid substitution of the Tyr residue at position 143 with Gly (Y143G) in HIV-1 IN significantly reduced the level of stably integrated proviral cDNA during acute infection of human primary cells (60) . This reduction, concomitant with a reduction in the level of the two-long-terminal-repeat (2-LTR) circular form of viral cDNA, was evident in nondividing cells such as monocyte-derived macrophages (MDMs). Since circular forms of viral cDNA are produced in the nucleus, the Y143G mutation may affect the nuclear import of viral cDNA. The Y143 residue is located within the highly conserved core domain containing the D,D35E motif. The central core domain also contains several highly conserved residues critical for specific binding to viral cDNA (28, 33, 34, 40) . These include Y143 (22, 45) and Lys residues at positions 156 (K156) (36, 67) and 159 (K159) (16, 36, 67) . Thus, Y143 has been suggested to be one of the key residues for specific binding to viral cDNA.
In this study, we generated HIV-1 IN mutants carrying mutations at these key residues for viral cDNA recognition. Then, as an alternative approach to addressing the functional involvement of HIV-1 IN in the nuclear import of viral cDNA, the effects of these mutations were evaluated in the context of viral replication and the biochemical properties of the recombinant protein forms. Of note, mutations that reduced the binding of IN to viral cDNA resulted in the inefficient nuclear import of viral cDNA during acute infection. These results strongly suggest that HIV-1 IN may be a critical factor for the efficient transport of viral cDNA into nuclei.
MATERIALS AND METHODS
Construction of mutant DNA. DNA fragments for the mutagenesis of HIV-1 IN were derived from the HIV-1 pNL43luc⌬env vector (49) , in which the env gene is defective, allowing the formation of pseudotypes, and the nef gene is replaced with the firefly luciferase gene. For the mutagenesis of IN mutants [P142F, Y143G, N144Q, P145F, PYNPϾKL, K156A, K159A, K160A, and KKK (156/159/160) ϾAAA], a 1.6-kb fragment of the pNL43luc⌬env vector spanning the KpnI and SalI sites (nucleotides [nt] 4154 to 5785) was subcloned into pBluescript SKII(ϩ) (Stratagene, La Jolla, Calif.) (pSKnK/S). To introduce mutations, all mutagenic primers were designed to span the NsiI and AflII sites (nt 4377 to 4743). PCR products amplified with each mutagenic primer pair (Table 1 ) and the pNL43luc⌬env vector as a template were digested with NsiI and AflII. The mutant fragments were ligated to NsiI-AflII-digested pSKnK/S. To generate some mutations with the backbone of the D116G mutation (D116G-⌬PYNP and D116G-KKKϾAAA), mutagenic PCR was performed with each mutagenic primer pair and the pNL43luc⌬env vector carrying the D116G mutation (49) as a template. After confirmation of each mutation by DNA sequence analysis, KpnI-SalI fragments (nt 4154 to 5785) containing the mutations were ligated to the corresponding region in the 4.2-kbp SpeI-SalI fragment (nt 1507 to 5785). SpeI-SalI fragments containing the mutations were inserted back into the pNL43luc⌬env vector. The amplified region and cloning junctions were confirmed by DNA sequencing.
Cells. COS-7, 293T, HeLa, and RD cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Human MDMs and peripheral blood lymphocytes (PBLs) were derived from HIV-1-seronegative healthy donors. Briefly, peripheral blood mononuclear cells were separated over a Ficoll-Hypaque gradient (Ficoll-Paque Plus; Amersham Pharmacia Biotech Inc., Tokyo, Japan) by centrifugation. Peripheral blood mononuclear cells were allowed to adhere to 150-mm plastic tissue culture dishes (Iwaki, Tokyo, Japan) by incubation in RPMI 1640 (Sigma Chemical Co., St. Louis, Mo.) containing 5% human AB serum (Sigma or Nippon Bio-Supply Center, Tokyo, Japan) for 2 h. Nonadherent cells (PBLs) were grown in RPMI 1640 medium containing 10% FBS and 2 ng of recombinant interleukin-2 (Shionogi, Osaka, Japan)/ml. Adherent cells were detached with cell dissociation solution (Sigma) and cultured in RPMI 1640 containing 5% human AB serum for 5 to 7 days. More than 98% of the cells that were shown to be positive for CD14, CCR5, HLA-DR, and mannose receptors were used as MDMs.
Virus preparation and infection. Pseudotype viruses were generated by cotransfection of COS-7 cells or 293T cells with the pNL43luc⌬env vector containing each IN mutation and an amphotropic Moloney murine leukemia virus (MuLV) envelope expression vector, pJD-1 (a kind gift from Irvin S. Y. Chen, University of California at Los Angeles), or a macrophage-tropic HIV-1 envelope vector, pJR-FL (a kind gift from Yoshio Koyanagi, Tohoku University), by using Lipofectamine (Invitrogen, Carlsbad, Calif.) or a calcium phosphate precipitation method. The culture supernatants (4 ml) of the transfected COS-7 cells ) in the presence of Polybrene (10 g/ml). After incubation for 6 h at 37°C, the virus-containing medium was removed and replaced with fresh medium. At 4 days postinfection, the cells were harvested, washed twice with phosphate-buffered saline (PBS), and then lysed with 200 l of cell lysis buffer. An aliquot (10 l) of each lysate was subjected to the luciferase assay.
Western blot analysis. Viruses were concentrated by ultracentrifugation (1 h at 315,000 ϫ g in a Beckman TLX-100 centrifuge with a TLA-100.4 rotor), and the pellets were resuspended in PBS. Viral proteins containing approximately 10 ng of p24 were subjected to sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis (PAGE). Following blotting of proteins onto a nitrocellulose membrane (ATTO, Tokyo, Japan), the membrane was incubated with antiserum from AIDS patients, anti-HIV-1 IN antibody (kindly provided by Duane Grandgenett, St. Louis University Health Sciences Center, Institute for Molecular Virology), or anti-HIV-1 p24 antibody (Chemicon International, Temecula, Calif.) followed by horseradish peroxidase-conjugated anti-human, anti-rabbit, or anti-mouse immunoglobulin. HIV-1 proteins were visualized by using an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech, Tokyo, Japan).
Analysis of de novo-synthesized HIV-1 cDNA during acute infection. Total cells were harvested from each well at 1 or 2 days postinfection. After the cells were washed with PBS, nucleic acids were extracted as described previously (66) . Briefly, the cells were disrupted in urea lysis buffer (4.7 M urea, 1.3% SDS, 0.23 M NaCl, 0.67 mM EDTA [pH 8.0]) and subjected to phenol-chloroform extraction and ethanol precipitation. The resulting DNA pellet was resuspended in 100 l of distilled deionized water (ddw). An aliquot (5 l) of each sample was subjected to PCR with a primer pair specific for the R/U5 region of HIV-1 (M667-AA55) or the R/gag region (M667-M661) (66) . Detection of HIV-1 DNA sequences with each primer pair was performed by using PCR conditions of 30 cycles of 94°C for 1 min, 65°C for 2 min, and 72°C for 2 min. For DNA standards, 8 to 25,000 copies of linearized HIV-1 pNL43luc⌬env DNA were amplified in parallel. Quantitative analysis of the amplified products was performed by using a real-time Light Cycler detection system (Light Cycler Instrument; Roche, Mannheim, Germany). To normalize the amount of cellular DNA in the samples, a primer pair complementary to the first exon of the human ␤-globin gene was used. For the detection of human ␤-globin DNA, amplification was performed by using PCR conditions of 30 cycles of 94°C for 1 min, 55°C for 2 min, and 72°C for 2 min. A standard curve for human ␤-globin DNA was obtained by amplifying known amounts of cellular DNA from RD cells or MDMs in parallel. The 2-LTR circular DNA in nuclei was detected with specific primers as described previously (21) . For detection of the integrated form of HIV-1 DNA, we used the Alu PCR method with an HIV-1-specific primer (M661) and an Aluspecific primer (5Ј-TCCCAGCTACTCGGGAGGCTGAGG-3Ј) (59) . The cycling conditions were 94°C for 3 min, followed by 22 cycles of 94°C for 30 s, 66°C for 30 s, 70°C for 10 min, and then 72°C for 10 min. PCR products were purified and diluted 100-to 10,000-fold. The diluted samples were subjected to real-time PCR with the Light Cycler Instrument and an R/U5-specific primer pair (M667-AA55).
Confocal microscopic analysis of GFP-IN. HeLa cells (4 ϫ 10 3 ) were seeded onto glass slides (Cel-Line; Erie Scientific Co, Portsmouth, N.H.) and transfected with a plasmid expressing green fluorescent protein (GFP) fused to full-length IN (60) . At 24 h posttransfection, the cells were washed once with PBS and then fixed with 4% paraformaldehyde (Wako, Osaka, Japan) for 10 min. Confocal microscopy was performed with an Olympus BX50 fluorescence microscope (Olympus, Tokyo, Japan). Representative medial sections were mounted by using Adobe Photoshop software.
In vitro GST pull-down assay. DNA fragments encoding the entire HIV-1 IN were amplified by PCR with wild-type (WT) or each mutant plasmid DNA (pNL43luc⌬env) as a template. The primers used for the amplification of HIV-1 IN were as follows: GST-IN sense, 5Ј-GCGGATCCTTTTTAGATGGAATAG ATAAGGCCC-3Ј, and GST-IN end antisense, 5Ј-CCGGAATTCAATCCTCA TCCTG-3Ј; the sequences for BamHI or EcoRI recognition in each primer are underlined. Amplified products were digested with BamHI and EcoRI. Fragments with or without mutations were ligated to BamHI-EcoRI-digested vector pGEX-2T (Amersham Pharmacia Biotech). To express glutathione S-transferase (GST)-IN, Escherichia coli strain BL21(DE3) cells which had been transformed with pGEX-IN were grown in 16% Bacto Tryptone-10% yeast extract-5% NaCl-50 mg of carbenicillin/ml at 37°C to an optical density at 600 nm of 0.7. Expression was induced by the addition of 0.5 mM isopropyl-␤-D-thiogalactoside (IPTG) for 17 h at 20°C. Cells were harvested by centrifugation and resuspended at a 1/10 volume of the original cell culture in high-salt buffer (1 M NaCl in PBS) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and a proteinase inhibitor mixture (1 g of pepstatin A/ml, 2 g of aprotinin/ml, and 0.5 g of leupeptin/ml). Cells were lysed by sonication (Sonifier; Branson, Danbury, Conn.) followed by centrifugation at 19,000 ϫ g for 30 min. The supernatant fraction of the cell lysate was incubated with glutathioneSepharose 4B beads (Amersham Pharmacia Biotech) at 4°C overnight. The recombinant protein-bound beads were washed extensively with a wash buffer (1 M NaCl-1% Tween 20 in PBS) and then eluted with elution buffer ( The HIV-1 cDNA for the pull-down assay was prepared from crude PIC fractions (31) . Briefly, MOLT-4/IIIB cells were cocultured with MOLT-4 cells for 6 h. Cells were harvested and permeabilized with 0.025% digitonin in buffer K (20 mM HEPES [pH 7.4], 150 mM KCl, 5 mM MgCl 2 ) followed by sequential centrifugations at 1,000 ϫ g for 10 min and 12,000 ϫ g for 20 min. The supernatants were used as crude PIC fractions. Viral cDNA was extracted from the crude PIC fractions by the urea lysis method as described above. The amount of viral cDNA was determined by real-time PCR with R/U5-and R/gag-specific primers. Viral cDNA (ϳ10 5 copies) was incubated with each GST-IN protein (200 nM) immobilized on glutathione-Sepharose beads in binding buffer (20 mM HEPES [pH 7.3], 7.5 mM MnCl 2 , 1 mM DTT, 1 mM PMSF, 10% polyethylene glycol) for 15 min at 4°C. The beads were washed five times with a wash buffer (1.0% Triton X-100 in PBS) and eluted with elution buffer. Viral cDNA bound to each GST-IN protein was extracted by phenol-chloroform treatment followed by ethanol precipitation with a carrier (Ethachinmate; Wako/Nippon Gene Co., Tokyo, Japan). The resulting DNA pellet was suspended in ddw. The amount of viral cDNA in each preparation was determined by real-time PCR with the M667-AA55 (R/U5-specific) or the M667-M661 (R/gag-specific) primer pair. The background level due to nonspecific binding of the input viral cDNA to GST protein and glutathione-Sepharose beads was determined by carrying out the same experiment with GST only in parallel. After subtraction of the background level (ϳ5,000 copies per total input of ϳ10 5 copies), the relative copy number (R/gag) for each mutant as a percentage of that for the WT was calculated.
Isolation of DNA from the nuclear fraction. RD or 293T cells (5 ϫ 10 6 ) were infected with each pseudotype virus and harvested at 24 h postinfection. For the isolation of nuclei, cells were resuspended in buffer A (10 mM HEPES [pH 7.3], 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.2% NP-40), homogenized by 20 strokes with an all-glass Dounce homogenizer (Kontes, Vineland, N.J.), and centrifuged at 500 ϫ g for 5 min at 4°C. The pellet of the cell lysate was washed twice with Nuclei EZ Lysis Buffer and then with Nuclei Storage Buffer (Sigma). Nuclei were collected by centrifugation at 25,000 ϫ g for 20 min at 4°C. DNA samples from each nuclear fraction were subjected to real-time PCR with the M667-AA55 (R/U5-specific) or the M667-M661 (R/gag-specific) primer pair as described above.
FISH analysis with HIV-1-specific PNA probes. For fluorescence in situ hybridization (FISH) analysis with HIV-1-specific peptide nucleic acid (PNA) probes (51), glass slides (Cel-Line) were coated with 3-aminopropyl triethoxysilane (silane; Aldrich). HeLa cells (4 ϫ 10 3 ) seeded on the silane-coated slides were cultured overnight. Pseudotype viruses were prepared by cotransfection of 293T cells with the pNL43luc⌬env vector together with the MuLV envelope expression vector (pJD-1). After treatment with DNase I (40 g/ml; Worthington), each virus (70 ng of p24) was inoculated into HeLa cells and cultured at 37°C for 6 h. The cells were washed with PBS and resuspended in fresh medium (DMEM plus 10% FBS). After 18 h, the cells were harvested and fixed with 4% paraformaldehyde for 30 min, and the slides were treated with proteinase K (2 ng/ml) for 8 min at room temperature and then with RNase A (10 ng/ml) for 10 ) . The structure of the antisense probe was as follows: FITC-5Ј-GCACATTGTACTGATA-3Ј; this sequence corresponded to nt 2878 to 2994 of the pol region of pNL43 (1) . The hybridization solution (Dako, Carpinteria, Calif.) containing the FITC-conjugated PNA probes was mounted on the slides, boiled for 5 min at 93°C, and then incubated for 17 h at 57°C. The slides were washed twice with a stringent wash solution (Dako) at 45°C for 20 min. After being washed with Tris-buffered saline containing 0.1% Tween 20 (TBST), the slides were reacted with 63 pg of a horseradish peroxidase (HRP)-conjugated anti-FITC antibody (Vector, Burlingame, Calif.)/ml for 30 min at 37°C. The slides were washed with TBST and reacted with biotinyl-tyramide (Dako) for 15 min at room temperature. After being washed with TBST, the slides were reacted with HRP-conjugated streptavidin (Dako). The slides were washed with TBST and reacted with biotinyl-tyramide for 15 min. Finally, the slides were reacted with 250 ng of Alexa 488-conjugated streptavidin/ml to detect the hybridized probes. Nuclei were stained with 125 ng of 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Wako)/ml. The signals were observed with a confocal microscope (Olympus BX50). We counted the signal dots inside the nuclei of 20 to 50 cells from three independent hybridizations. Representative medial sections were mounted by using Adobe Photoshop software.
RESULTS

Construction of HIV-1 IN mutants.
We introduced single amino acid substitutions or deletions at highly conserved ProTyr-Asn-Pro residues (PYNP) spanning positions 142 to 145 or the three Lys residues at positions 156, 159, and 160 (K156, K159, and K160) in HIV-1 IN (Table 1) , which are regions that contain several key residues critical for viral cDNA recognition (16, 22, 36, 45, 67) . The mutations (Table 1) included a Proto-Phe substitution at position 142 (P142F), a Tyr-to-Gly substitution at position 143 (Y143G), an Asn-to-Gln substitution at position 144 (N144Q), a Pro-to-Phe substitution at position 145 (P145F), deletion of the PYNP motif at positions 142 to 145 by replacement with Lys-Leu (PYNPϾKL), and Ala substitution(s) at each or all of the Lys residues at positions 156, 159, and 160 (K156A, K159A, K160A, and KKKϾAAA). Due to the lack of identification of bona fide NLS sequences within IN, the effects of these mutations, which were expected to be defective at binding to viral cDNA, were evaluated in the context of viral replication, as an alternative approach to addressing the functional involvement of HIV-1 IN in the nuclear import of viral cDNA.
Infectivity of each HIV-1 IN mutant. A single-round infection system that uses an HIV-1 (pNL43luc⌬Bg) pseudotype virus is useful for estimating reverse transcription and integration efficiency in vivo by monitoring the levels of de novo-synthesized viral cDNA and luciferase activity produced in infected cells (48, 49, 60) . Therefore, we examined the effect of each mutation on early events in viral replication by using the single-round infection system. Briefly, pseudotype viruses were generated by cotransfection of COS-7 cells with pNL43luc⌬env containing the WT or each IN mutation together with an expression vector for the amphotropic Moloney MuLV envelope (pJD-1) or the macrophage-tropic HIV-1 envelope (pJR-FL). At 48 h posttransfection, all mutants had comparable levels of p24 in culture supernatants harvested from transfected COS-7 cells (Fig. 1A) and comparable levels of luciferase activity in lysates of transfected COS-7 cells (data not shown). Thus, none of the mutations had a significant effect on transfected proviral gene expression or virus release.
In order to verify the Gag-Pol polyprotein processing in mutant virus particles, we performed Western blotting analyses of viral proteins contained in the virus particles with serum from an AIDS patient or antibodies to HIV-1 IN or p24. No apparent differences between the parental (WT) and mutant viruses were observed in the profiles (Fig. 1B and C) . These FIG. 1. Gene expression of each mutant proviral DNA after transfection of COS-7 cells and viral protein profiles. Pseudotype viruses were generated by cotransfection of COS-7 cells with the pNL43luc⌬env vector containing mutations in IN and an amphotropic Molony MuLV envelope expression vector (pJD-1) by using Lipofectamine. Culture supernatants (5 ml) of the transfected COS-7 cells were harvested at 48 h posttransfection. (A) p24 levels in culture supernatants were determined with the RETRO-TEK enzyme immunoassay system. (B and C) Virus particles in culture supernatants (5 ml) of COS-7 cells were precipitated at 48 h posttransfection by ultracentrifugation (1 h at 315,000 ϫ g in a Beckman TLX-100 centrifuge). Viral proteins were separated by SDS-12% PAGE. After blotting of proteins onto a nitrocellulose membrane, the membrane was reacted with serum from an AIDS patient (B) or anti-HIV-1 IN or anti-p24 antibody (C) and then incubated with horseradish peroxidase-conjugated anti-human, anti-rabbit, or anti-mouse immunoglobulin. Viral proteins were visualized by using the enhanced chemiluminescence detection system. The positions of the major viral proteins are indicated.
results showed that none of the mutations significantly affected the late stage of viral replication from proviral gene expression to virus particle release, Gag-Pol polyprotein processing, and IN incorporation into the virus particles.
For virus infection, a DNase I-treated preparation of each pseudotype virus was inoculated into RD cells, MDMs, or PBLs. To examine the level of viral gene expression for each HIV-1 IN mutant, the luciferase activity expressed in infected cells was measured at 4 days postinfection. In this experiment, an IN mutant carrying a single amino acid substitution at one of the catalytic sites (D116G) was used as a control for integration-defective mutants (49) . We repeated this experiment more than 10 times with independently prepared viruses (Fig.  2) . In RD cells, the PYNPϾKL mutation or the KKKϾAAA mutation severely reduced the luciferase activity to less than 1% the WT level, which was similar to the level seen with the catalytic site mutation (D116G). The severe effects induced by these mutations were also observed after acute infection of human primary PBLs and MDMs. A significant reduction in the level of luciferase gene expression was also detected with some mutants with single amino acid substitutions in the PYNP motif (residues 142 to 145) or at K156, K159, and K160. The levels of luciferase activity produced by N144Q and P145F were significantly lower in RD cells, PBLs, and MDMs and ranged from 3 to 15% the WT level. As reported in a previous study (60) , the effect of the Y143G mutation in the PYNP motif was more evident in primary cells (PBLs and MDMs) than in RD cells. Like Y143G, P142F (a single amino acid substitution in the same PYNP motif) produced lower levels of luciferase activity (24 to 65% the WT level) in PBLs and MDMs but produced a high level (90 to 100% the WT level) in RD cells. Thus, the integrity of the PYNP motif is more rigidly required for virus infection in primary cells (PBLs and MDMs) than in an in vitro-adapted cell line (RD cells). In addition, K159A produced a modest but consistent reduction in luciferase activity (42 to 60% the WT level), while other point mutations in the K residues (K156A and K160A) produced levels of luciferase activity comparable to that produced by the WT in all cell types. Since the KKKϾAAA mutation produced a severe reduction in luciferase activity (Ͻ1% the WT level), the three Lys residues may function in a compensatory manner. Furthermore, these severe defects were efficiently complemented when WT IN was supplied in trans (data not shown), thus excluding possible effects of the mutations on cis-acting functions of the central polypurine tract (10, 68) . Taken together, these results suggested important roles of PYNP at residues 142 to 145 and of K at residues 156, 159, and 160 in trans-acting functions of IN in the early events of the HIV-1 replication cycle.
Quantitative analysis of viral cDNA after infection with HIV-1 IN mutants. Next, we assessed the ability of each mutant to synthesize viral cDNA and to form integrated proviral cDNA following infection of RD cells (Fig. 3) . At 24 h after infection with DNase I-treated virus, total DNA was harvested from infected RD cells, and an aliquot of each DNA sample was subjected to real-time quantitative PCR analysis. First, we monitored the formation of various species of viral cDNAs by using the M667-AA55 (R/U5-specific) primer pair for early Relative to the WT, all PYNP motif mutants (P142F, Y143G, N144Q, P145F, and PYNPϾKL) as well as K mutants K156A, K159A, K160A, and KKKϾAAA produced comparable levels of early (R/U5) and complete or nearly complete (R/gag) forms of viral cDNA products. These results showed that none of these mutations affected reverse transcription. Since all of the mutations in the PYNP and K residues produced comparable levels of complete or nearly complete viral cDNA products (R/gag), we next examined the fate of each de novo-synthesized viral cDNA in RD cells. To this end, we monitored the formation of 2-LTR circular DNA (Fig. 3 , 2-LTR) by using a primer pair which amplified a sequence unique to the 2-LTR DNA junction (21). We also monitored the level of the integrated form of each viral cDNA by the Alu PCR method (59) with an HIV-1-specific primer (M661) and an Alu-specific primer (Fig. 3, Integrated) . Products of 2-LTR DNA have been used as markers for its presence in the nucleus, since the enzymes responsible for its formation are thought to be located within the nucleus. In addition, 2-LTR DNA is formed in the absence of the catalytic function of IN (60) . PCR amplification of this structure therefore confirms the specific inhibition of integration. An HIV-1 IN catalytic site mutant (D116G) (49) was used as a control for integrationdefective mutants. As in a previous study (60), we clearly detected an amplified fragment corresponding to the 2-LTR circular junction in DNA samples from RD cells infected with integration-defective mutant D116G. Meanwhile, the P142F, Y143G, K156A, and K160A mutants as well as the WT produced much lower levels of 2-LTR DNA (2 to 9% the level produced by D116G), suggesting successful integration of viral cDNA. These conclusions were consistent with the level of expression of each viral gene (luciferase activity) shown in Fig.  2 and were further confirmed by Alu PCR analysis (Fig. 3,  Integrated) . On the other hand, the N144Q, P145F, PYNPϾ KL, K159A, and KKKϾAAA mutants produced 2-LTR DNA at various levels-3, 5, 3, 23, and 36% the level produced by D116G, respectively (Fig. 3, 2-LTR) . Of note, the levels of 2-LTR produced by these mutants were not always correlated with the reduction in luciferase activity (Fig. 2 ) or the integration level (Fig. 3, Integrated) . In particular, the PYNPϾKL mutant showed significant reductions in the level of luciferase activity (Ͻ2% the WT level) and integration (below the detection level). These phenotypes of PYNPϾKL were almost iden- FIG. 3 . Analysis of viral cDNA synthesis and proviral DNA formation. Each virus was prepared by cotransfection of COS-7 cells with pNL43luc⌬env (WT or mutant IN) together with pJD-1. DNase Itreated supernatants were inoculated into RD cells as described in the legend to Fig. 2 . Viruses treated at 65°C for 1 h prior to inoculation were used as a heat-inactivated control. At 1 day postinfection, the entire cell culture was harvested, and total DNAs were extracted from infected RD cells. Each DNA sample was subjected to real-time quantitative PCR analysis with primer pairs specific for early (R/U5), late (R/gag), 2-LTR circular (2-LTR), or integrated (Alu) forms of viral cDNAs. The estimated copy number of each viral cDNA (R/U5, R/gag, 2-LTR, and Alu) per 10 5 cell equivalents is shown. For estimation of integrated viral cDNA (Alu), each DNA sample was subjected to PCR with the Alu-and R/gag-specific primer pair. Serial dilutions of each PCR product (Alu and R/gag) were subjected to real-time quantitative PCR with the R/U5-specific primer pair. Values were calculated as the copy number (R/U5) of each mutant relative to that of the WT, taken as 100%. Mean values from five independent experiments are shown with the error bars.
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tical to those of D116G. However, the level of 2-LTR DNA produced by PYNPϾKL was only ϳ3% the level produced by D116G. Similar discrepancies were also noted for the N144Q and KKKϾAAA mutants. In addition, a similar reduction in the level of 2-LTR DNA caused by the PYNPϾKL and KKKϾAAA mutations was reproduced on the backbone of the D116G mutation (Fig. 3, D116G -PYNPϾKL and D116G-KKKϾAAA). Taken together, these data suggested that the reduced levels of integration and subsequent gene expression seen with PYNPϾKL, N144Q, and KKKϾAAA might have been partly due to a reduction in the nuclear import of viral cDNA that precedes integration.
Interaction of IN protein with viral cDNA. Some of the IN mutants (PYNPϾKL, N144Q, and KKKϾAAA) showed a severe integration-defective phenotype, partly due to a failure to transport the viral cDNA into the nucleus. These mutants were generated by introducing mutations at critical residues in IN for viral cDNA recognition (16, 22, 36, 45, 67) . Therefore, we next examined the binding of these IN proteins to viral cDNA. Viral cDNA (ϳ10 5 copies) extracted from cells acutely infected with HIV-1 was incubated with 200 nM each GST-IN protein (WT, N144Q, PYNPϾKL, or KKKϾAAA) immobilized on glutathione-Sepharose beads. After extensive washing, the viral cDNA bound to each GST-IN protein was extracted. The amount of viral cDNA in each preparation was determined by real-time PCR with a primer pair specific for late forms (R/gag) of viral cDNA products (Fig. 4A) . The levels of viral cDNA pulled down by GST-IN protein containing N144Q, PYNPϾKL, and KKKϾAAA were 2.1, 3.8, and 11.7% the WT level, respectively (Fig. 4A) . Whether these in vitro data can be extrapolated to biological relevance in vivo still remains to be determined, but the PYNPϾKL, N144Q, and KKKϾAAA mutations reduced the binding of IN to viral cDNA at least in our in vitro assay.
Nuclear localization of IN fused to GFP. Tsurutani et al. previously reported that GFP-IN fusions efficiently localized to the nuclei of transiently transfected cells (60) . We next examined the effects of the N144Q, PYNPϾKL, K159A, and KKKϾAAA mutations on the karyophilic properties of IN. Briefly, HeLa cells were transfected with GFP-IN expression vectors and subjected to analysis by confocal microscopy at 24 h posttransfection. In agreement with the previous report (60), GFP-IN accumulated predominantly in the nucleus [Fig.  4B, GFP-IN (WT) ], while the GFP control protein was uniformly scattered throughout both the cytoplasm and the nucleus (Fig. 4B, GFP) . Under the same conditions, IN mutants (N144Q, PYNPϾKL, and KKKϾAAA) were efficiently localized to the nucleus (Fig. 4B) , suggesting that none of these mutations affected the karyophilic properties of IN.
Localization of HIV-1 cDNA during acute infection. The experimental data described above indicated that the loss of binding to viral cDNA seen with the IN mutations resulted in the decreased accumulation of viral cDNA in the nuclei. To confirm these observations more directly, we first determined the levels of viral cDNA in nuclear fractions isolated from acutely infected cells. 293T cells were infected with a DNase I-treated preparation of each pseudotype virus. At 24 h postinfection, nuclei were isolated from the cells. The levels of viral cDNA in the nuclei were determined by real-time PCR with a primer pair specific for R/U5 to monitor the total viral cDNA in the nuclei. The levels of viral cDNA in the nuclei after infection with the N144Q, PYNPϾKL, KKKϾAAA, and D116G IN mutants were 50.3, 38.9, 43.6, and 90.3% the WT level, respectively (Fig. 5A ). These data indicated that the nuclear import of viral cDNA was significantly decreased by the N144Q, PYNPϾKL, and KKKϾAAA mutations (P Ͻ 0.005) but not by the D116G mutation (P ϭ 0.14). Similar significant reductions in the levels of viral cDNA in the nuclei seen with the N144Q, PYNPϾKL, and KKKϾAAA mutations were reproduced when a primer pair specific for R/gag was used (data not shown). Finally, we analyzed the subcellular localization of de novosynthesized viral cDNA during acute infection by FISH. Briefly, HeLa cells were infected with a DNase I-treated pseudotype virus of each IN mutant, incubated for 6 or 24 h, fixed, and subjected to FISH with an FITC-tagged HIV-1-specific PNA probe. Hybridized probe signals were detected by using a CAS system (Dako) with Alexa 488 and were visualized with an Olympus confocal laser scanning microscope (Fig. 5B) . The majority (ϳ78%) of the signals produced by the WT or the D116G mutant were in the nuclei at 6 h postinfection. In contrast, under the same conditions, markedly fewer signals were detected in the nuclei after infection with the PYNPϾKL and KKKϾAAA mutants. These signals in the cytoplasm tended to be weakened at 24 h postinfection (data not shown), suggesting that PYNPϾKL and KKKϾAAA might reduce the nuclear accumulation of viral cDNA partly because these mutant PICs were more susceptible to degradation. Although we cannot rule out the partial contribution of the effect of these mutations on the stability of viral cDNA and/or the PIC, these results indicated that the nuclear transport that precedes the integration of viral cDNA was significantly reduced by muta- 
DISCUSSION
In this study, we generated HIV-1 IN mutants carrying mutations at key residues for viral cDNA recognition (16, 22, 36, 45, 67) and evaluated the effects of these mutations in the context of viral replication and the biochemical properties of the protein forms. Our major finding was that mutations reducing the interaction of IN with viral cDNA caused a severe impairment of integration, most likely by affecting the efficient nuclear import of viral cDNA.
Despite many experimental data indicating the karyophilic properties of HIV- 1 IN (2, 14, 26, 43, 54, 60) , the contribution of IN to the nuclear import of viral cDNA remains controversial. This situation may be partly due to a lack of identification of bona fide NLS sequences within IN. We also generated IN mutants by amino acid substitution of the V165/R166 residues that have been reported to be critical residues for an NLS within HIV-1 IN (2). However, our mutant (V165R/R166L) showed a complete lack of viral infectivity due to a failure to complete viral cDNA synthesis. Moreover, this IN mutant protein was unstable when expressed in the form of a GFP-IN fusion (data not shown). Thus, we cannot evaluate the importance of the V165/R166 residues in the karyophilic properties of IN or in the nuclear transport of viral cDNA in the context of viral replication. Recently, reassessments of these V165/ R166 functions by use of IN mutants with Ala substitutions at the V165/R166 residues were reported by two different laboratories (17, 43) . Both of these reports failed to confirm the NLS functions. Instead, V165A/R166A mutants were shown to be pleiotropic IN mutants primarily defective in integration. These conclusions are partly consistent with our data.
More recently, Devroe et al. reported that HIV-1 IN is unable to access the nucleus when expressed in the form of a large fusion with GFP and pyruvate kinase, suggesting that IN may lack a transferable NLS (15) . Alternatively, they showed that cytoplasmic IN is highly unstable and prone to degradation and that the karyophilic properties can be attributed to an interaction with a cellular component. Interestingly, one of the nuclear factors, LEDGF/p75, has been identified as being essential for the karyophilic properties of HIV-1 IN, although the functional role of cytoplasmic LEDGF/p75 in the nuclear import of IN remains to be determined (47) .
Meanwhile, genetic analyses of HIV-1 IN (9, 21, 49, 52, 60, 65) have suggested putative roles for IN at steps prior to integration, such as uncoating, reverse transcription, and nuclear import of viral cDNA. It was previously reported that a single amino acid substitution of the Tyr residue at position 143 with Gly (Y143G) in HIV-1 IN significantly reduced the level of stably integrated proviral DNA during acute infection of human primary cells. This reduction, concomitant with a reduction in the level of the 2-LTR circular form of viral cDNA, was evident in primary PBLs and MDMs (60) ; these data suggest that Y143 is a critical residue for efficient proviral DNA formation at steps prior to integration, most likely the nuclear import of viral cDNA. Y143 is located in the central catalytic domain of IN and is suggested to be one of the critical residues for specific binding to viral cDNA (22, 45) . Thus, we reasoned that we could address the functional involvement of HIV-1 IN in the nuclear import of viral cDNA by using IN mutants that show reduced binding to viral cDNA.
Structural and biochemical analyses of HIV-1 IN identified three functional domains (reviewed in references 35 and 38) : an N-terminal zinc binding domain, a central catalytic core domain, and a C-terminal nonspecific DNA binding domain. The central core domain contains the highly conserved D,D35E motif, which is directly involved in the catalytic activities of IN. The central core domain also contains several highly conserved residues critical for specific binding to viral cDNA. These include Y143, K156, K159, and K160 (16, 22, 36, 45, 67) . In this study, we generated IN mutants by introducing single or triple amino acid substitutions or deletions of the highly conserved Pro-Tyr-Asn-Pro residues (PYNP) spanning positions 142 to 145 or three Lys residues (K156, K159, and K160) of HIV-1 IN (Table 1) . We found that some of the IN mutant proteins carrying single amino acid substitutions in or deletions of the PYNP motif at positions 142 to 145 (N144Q and PYNPϾKL) or a triple amino acid substitution for the three conserved Lys residues at positions 156, 159, and 160 (KKKϾAAA) showed a severe reduction in binding to viral cDNA but retained their efficient karyophilic properties (Fig.  4B) . However, whether these in vitro data can be extrapolated to biological relevance in vivo still remains to be determined. In the context of viral replication, HIV-1 carrying these IN mutations showed viral gene expression severely reduced to less than 1% the WT level, similar to the effects of a catalytic site mutation of IN (D116G) (Fig. 2) . These defects were efficiently complemented by supplying WT IN in trans (data not shown), excluding the possible effects of these mutations on cis-acting functions of the central polypurine tract (10, 68) .
Quantitative analysis of viral cDNA after infection with these HIV-1 IN mutants indicated that these mutations did not affect the de novo synthesis of viral cDNA products (Fig. 3 , R/U5 and R/gag) but did severely reduce integration (Fig. 3 , Integrated). Of note, the level of 2-LTR DNA, a surrogate marker for nuclear import, produced by the PYNPϾKL mutant was only ϳ3% that produced by the catalytic site mutant D116G. A similar reduction in the level of 2-LTR DNA was also noted for the N144Q and KKKϾAAA mutants, even on the backbone of the D116G mutation (Fig. 3, 2-LTR) , suggesting that inhibition of the binding of IN to viral cDNA may affect the nuclear import of viral cDNA that precedes integration. This conclusion was further confirmed by more direct methods quantifying viral cDNA in isolated nuclei and FISH analyses of acutely infected cells (Fig. 5) . However, although the signals of viral cDNA for the KKKϾAAA and D116G-PYNPϾKL mutants were evident at 6 h postinfection (Fig.  5B) , they tended to be weakened at 24 h postinfection (data not shown), suggesting that PYNPϾKL and KKKϾAAA may reduce the nuclear accumulation of viral cDNA partly because these mutant PICs are more susceptible to degradation. Thus, an alternate explanation for the results is that if IN does not bind to viral cDNA, then the PIC falls apart and is nonfunctional. Although we cannot rule out the partial contribution of the effect of these mutations on the stability of viral cDNA and/or the PIC, our results indicate that the nuclear transport that precedes the integration of viral cDNA was significantly In summary, our findings indicate that IN mutants that were defective in viral cDNA recognition lost viral infectivity, thereby partly affecting the nuclear import of viral cDNA that precedes integration during acute infection with HIV-1. Taken together, these results suggest that HIV-1 IN may be one of the critical constituents for the efficient nuclear import of viral cDNA.
